One sentence summary: Chlamydia trachomatis plasmid-encode protein pORF5 increased mitophagy and inhibited apoptosis by up-regulate HMGB1 expression.
INTRODUCTION
Chlamydia trachomatis is a type of gram-negative pathogen with a distinct biphasic developmental cycle that causes a variety of health problems in humans, such as acute illnesses, infertility, blindness and pelvic inflammatory disease, and has contributed to an increase in the spread of Human immunodeficiency virus (HIV). Most C.trachomatis species carry a 7.5-kb cryptic plasmid that encodes eight open reading frames (ORFs), and pORF5 is the only secretion protein mainly distributed in the cytosol of infected cells (Li et al. 2008a) . More importantly, a large number of studies have shown that pORF5 is a major virulence factor in Chlamydia pathogenicity, can effectively induce the release of inflammatory factors from host cells (Liu et al. 2014; Cao et al. 2015) , may serve as a Chlamydia vaccine candidate and can be used for diagnosing C. trachomatis (Li et al. 2008b) , suggesting that pORF5 plasmid protein plays an important role in the pathogenesis of C. trachomatis.
Chlamydia trachomatis intracellular infection begins with an infectious but non-replicative elementary body (EB). Subsequently, the EB rapidly differentiates to a non-infectious but replication-competent reticulate body (RB), also known as the initial body. After replication, the mature RBs retransform into EBs, release from the infected cells and then infect new target cells. This unique two-phase life cycle leads to C. trachomatis survival, and replication depends completely on nutrition form the host cell. Therefore, one important pathogenic strategy that Chlamydiae have evolved to promote their survival is the modulation of programmed cell death pathways in infected host cells. It has been well characterised that C. trachomatis secretes effector proteins to regulate host cell signalling pathways (Zhong 2017 ). What's more, C. trachomatis may encode factors that inhibit apoptotic by blocking mitochondrial cytochrome c release (Fan et al. 1998) . Hence, we present the hypothesis that C. trachomatis possibly manipulates host cell death at the proper time for survival and replication by the secretion of effector molecules.
Autophagy is currently regarded as a 'double-edged sword,' whereby down-regulation of this process promotes oncogenesis, and up-regulation of this process allows cell survival (White and DiPaola 2009) . In most cases, autophagy prompts cells to survive when encountering bio-energetic stress, such as nutrient deprivation, oxidative stress and chemotherapeutic agents, by eliminating impaired organelles and mutant or unfolded proteins (Degenhardt et al. 2006; Levine 2007) . Mitophagy is a selective form of autophagy, which is an important mechanism in mitochondrial quality control by repairing or eliminating damaged mitochondria. Further, mitochondria are also a critical pathway for perception of apoptotic signals. Many inducers of autophagy, including anti-cancer drugs and nutrient deprivation by provision of Hank's balanced salt solution (HBSS), are also effective inducers of apoptosis (Mizushima, Yoshimori and Levine 2010; Lindqvist et al. 2012) . The balance between autophagy and apoptosis in response to cellular stress determines cell fate. The literature has previously shown that C. trachomatis can induce autophagy (Pachikara et al. 2009; Al-Younes et al. 2011; Yasir et al. 2011 ) and suppress apoptosis (Rodel et al. 2012; Kun et al. 2013; Siegl et al. 2014; Kontchou et al. 2016) . However, the precise molecular mechanisms of C. trachomatis mediating autophagy and apoptosis remain unclear. As the only secreted plasmidencode protein of C. trachomatis, pORF5, may have a role in the regulation of host cell death signalling pathways.
High mobility group box 1 (HMGB1) serves as a highly conserved nuclear protein, which plays the part of a nuclear DNA binding factor that facilitates protein assembly at particular DNA targets through bends DNA (Lotze and Tracey 2005) . As well as its nuclear role, HMGB1 similarly participates in extracellular signalling pathways, such as inflammation, cytodifferentiation, cell transmigration, and tumour progression (Tang et al. 2010c ). Furthermore, HMGB1 plays an important role in autophagy and apoptosis (Tang et al. 2010a; Tang et al. 2010b; Tang et al. 2011; Livesey et al. 2012) . Further, cells infected with C. trachomatis induced the release of HMGB1 (Jungas et al. 2004; Rodel et al. 2012) . However, whether HMGB1 plays a role in the process of C. trachomatis regulation of autophagy and apoptosis is still under investigation.
Here, we investigated the role of the autophagy sensor HMGB1 in regulation of mitophagy and apoptosis during pORF5 plasmid protein treatment. Our results showed that C. trachomatis plasmid-encoded protein pORF5 increased mitophagy and inhibited apoptosis by up-regulating HMGB1 expression. In contrast, targeted knockdown of HMGB1 inhibited pORF5-induced autophagy and sensitised cells to apoptosis. Consequently, we summarise that HMGB1 may play a key role in pORF5-regulated mitophagy and apoptosis. On the whole, our experimental data provide a novel role for the pORF5 manipulation of host cell autophagy and apoptosis.
MATERIALS AND METHODS

Antibodies and reagents
The antibodies to LC3A/B (#12741), Beclin-1 (#3495), Bax (#5023) and Bcl-2 (#2870) were acquired from Cell Signaling Technology (Danvers, MA, USA). The antibodies to HMGB1 (ab79823), SQSTM1/p62 (ab207305) and Cytochrome c (ab133504) were obtained from Abcam (Cambridge, MA, USA). The antibody to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Cat.10494-1-AP) was purchased from Proteintech (Rosemont, IL, USA). Mito-Tracker Green was purchased from Beyotime Biotechnology (C1048, China). pORF5 plasmid protein of Chlamydia trachomatis was purified and stored as previously described (Zhou et al. 2013) .
Cell culture and treatment
Human epithelial cancer cells (HeLa299) were obtained from the Chinese Academy of Sciences Cell Bank. HeLa299 cells were cultured in dulbecco's modified eagle medium (DMEM) (Gibco, USA) and provided with 10% (vol/vol) foetal bovine serum, 4.5 g/L Dglucose, L-glutamine and 110 mg/L of sodium pyruvate. Cells were grown at 37
• C under humidified and 5% CO 2 conditions.
For stimulation experiments, HeLa299 cells were grown in 6-well flat-bottom plates (Corning, USA) at a density of 5 × 10 5 /ml for western blot analysis or 24-well flat-bottom plates (Corning, USA) for immunofluorescence analysis. After cells grown covered 70%-80% of the wells, cell culture medium was replaced as HBSS, and the purified pORF5 was added into culture medium as stimuli at different concentrations and times indicated for individual experiments. The phosphate-buffered saline (PBS) was used as a control stimulus.
Measurement of mitochondrial membrane potential
Mitochondrial membrane potential was observed in HeLa299 cells stained with 5,5 ,6,6 -tetrachloro-1,1 ,3,3 -tetraethylbenzimidazolcarbocyanine iodide (JC-1; Beyotime Biotechnology, C2006, China) by fluorescence microscope. When the mitochondrial membrane potential at higher JC-1 was aggregated in the mitochondrial matrix (Matrix) to form polymer (J-aggregates), a red fluorescence signal was subsequently generated. Conversely, when mitochondrial membrane potential was depolarised, JC-1 could not muster in mitochondria matrix and a green fluorescence signal was produced. Accordingly, mitochondrial membrane potential was assessed by the ratio of red/green fluorescence intensity.
Gene transfection and RNA interference
HMGB1 shRNA lentiviral plasmid was purchased from Shanghai Innovation Biotechnology Co., Ltd. The shRNA sequences targeting against HMGB1 were 5'-GCAGCTAAGCTAAAGGAGAAA-3' (sense) and 5'-TTTCTCCTTTAGCTTAGC TGC' (antisense). Scrambled shRNA lentiviral plasmid was also generated to serve as a control (Shanghai Innovation Biotechnology Co., Ltd). Transfection of HMGB1 shRNA lentiviral plasmid and control lentiviral plasmid into cells was performed according to the manufacturer's guidelines. After transduction, we used puromycin (Sigma-Aldrich, St. Louis, MO, USA) to select transfected cells for 5 days.
Western blot analysis
HeLa cells were processed for immunoblot analysis via lysis in ice-cold radioimmunoprecipitation lysis buffer (Beyotime Biotechnology, P0013B, China) supplemented with protease inhibitor phenylmethylsulfonyl fluoride (PMSF) (Beyotime Biotechnology, ST506, China) for 20-30 min. Whole-cell lysates were boiled at 100
• C for 10 min. Equal amounts of protein from cell lysates were run on 12% or 15% SDS polyacrylamide gel electrophoresis and subsequently transferred to a polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). After blocking with 5% non-fat milk for 1 h at room temperature, the membranes were incubated with various primary rabbit antibodies at 4 • C overnight. After being washed five times with Tris-buffered saline (TBS) containing 0.05% (vol/vol) Tween 20 (Sigma-Aldrich), the membranes were subsequently incubated with goat antirabbit peroxidase-conjugated secondary antibody for 1 h at 37
After being washed five times with TBST, the signals were detected by enhanced chemiluminescence (Thermo Fisher Scientific, Waltham, MA, USA) and G:BOX Chemi XX9 Gel imaging system (Syngene, USA), consistent with the product protocol. The densities of protein bands were analysed by an image analysis software (Quantity One, Bio-Rad, USA).
Immunofluorescence analysis
Cells were grown on glass cover slips with HBSS before stimulus. After treatment, cells were washed with PBS five times and subsequently fixed with 4% paraformaldehyde for 30 min at room temperature. The wash step with PBS was followed by permeabilisation with 0.1% Triton-X100 in PBS for 10 min, then blocking in 5% bovine serum albumin for 1 h at room temperature. The coverslips were incubated with various primary rabbit antibodies at 4
• C overnight. After having been washed with PBS five times, the immunofluorescence signals were analysed followed by Cy3-conjugated IgG secondary antibody (Cat.SA00009-2, Proteintech), nuclear feature was visualised by the fluorescent dye, 4 ,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich), and mitochondria were stained by Mito-Tracker Green (Beyotime Biotechnology, C1048, China) for 10 min. Images were taken with a fluorescence microscope (Nikon, TE2000-S, Japan), and the fluorescence intensity levels and co-localisation of various stains were analysed by using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Autophagy assays
The level of autophagy was investigated by western blot for Beclin-1, by quantifying for the proportion of cells with LC3 and SQSTM1/p62 punctae and by co-localisation of LC3 with mitochondria.
Apoptosis assays
Apoptosis analysis was determined by western blot for Bcl2, Bax and y quantifying the percentage of cells with cytochrome c punctae from 10-20 random fields. Mitochondrial membrane potential was evaluated by JC-1 mitochondrial membrane potential assay kit. Mitochondrial membrane potential decrease is also a symbolic marker event for early stage apoptosis of cells.
Statistical analysis
All data are presented as the mean ± standard error. Groups were compared by one-way analysis of variance with the Student-Newman-Keuls test. All statistical analyses were conducted using SPSS 19.0 software (IBM Corp., Armonk, NY, USA). P-value < 0.05 was considered significant.
RESULTS
pORF5 plasmid protein inhibited apoptosis via the mitochondrial pathway
The death receptor pathway and the mitochondrial pathway are the two main pathways of apoptosis. More importantly, the mitochondria pathway plays a central role in apoptosis regulation. It was believed that mitochondrial permeabilisation and apoptosis induction are determined by levels of the pro-apoptotic members of the B-cell leukaemia/lymphoma 2 (Bcl-2) family, such as Bax, Bak, Bim and tBid. If the mitochondrial membrane becomes permeabilised, cytochrome c, as an apoptogenic factor, is released into the cytosol from mitochondria, which follows activation of the caspase activation cascade. To investigate whether pORF5 inhibited apoptosis through the mitochondrial pathway, we evaluated the effects of pORF5 plasmid protein on regulation of the release of cytochrome c from the mitochondria into the cytosol, and on expression of Bax, Bcl-2 in HeLa cells by western blot assay. We found that less cytochrome c released from the mitochondria following pORF5 plasmid protein treatment compared with PBS (Fig. 1A) . Furthermore, we also observed that pORF5 plasmid protein attenuated the level of Bax (Fig. 1B) as well as enhanced activation of Bcl-2 (Fig. 1C) , a key molecule of apoptosis. These results indicated that pORF5 plasmid protein suppresses apoptosis via the mitochondrial pathway.
pORF5 plasmid protein protects mitochondrial function by means of mitophagy
Selective autophagy eliminates intracellular pathogens and facilitates cell organelle quality control by devouring it into autophagosomes and delivering it to lysosomes for degradation (Lazarou et al. 2015) , this process may promote the repair of cells, which carry impaired or dysfunctional mitochondrial networks via mitophagy. To explore the underlying role of pORF5 in protecting mitochondrial function, we used the JC-1 fluorescence dye to evaluate mitochondrial membrane potential in HeLa cells after treatment with pORF5 for 18 h. After nutrient deprivation, the negative control, which was treated with carbonyl cyanide 3-chlorophenylhydrazone (CCCP), decreased the ratio of red (aggregated) fluorescent signal to green (monomeric) fluorescent signal ( Fig. 2A) . In contrast, pORF5 plasmid protein treatment prevented the decrease in the JC-1 red/green ratio ( Fig. 2A) , suggesting that pORF5 plasmid protein protects mitochondrial function compared with negative control. A rapidly increased study identified that detection of LC3 was commonly used as a symbolic marker to monitor autophagy (Mizushima and Yoshimori 2007) . To investigate whether pORF5 may regulate mitophagy, we stained the cells with MitoTracker Green, a mitochondrial fluorescent dye, subsequently assessing co-localisation between mitochondria and LC3. Our results showed that LC3 apparently accumulated on mitochondria with pORF5 treatment (Fig. 2B) , which suggests that LC3 recruited to mitochondria may be a process to repair or eliminate impaired mitochondria by means of mitochondrial autophagy (mitophagy). Western blot analysis validated that Beclin-1 expression is increased following pORF5 plasmid protein treatment, which was a pivotal regulator involved in mammalian autophagy (Fig. 2C) . SQSTM1/p62, is a scaffolding protein that acts as the autophagy chaperone to transport ubiquitinated proteins to the autophagosome for degradation and then is degraded by lysosome, which can serve as an additional method for monitoring autophagic flux (Bjorkoy et al. 2005; Pankiv et al. 2007; Sergin et al. 2016) . As a receptor for autophagy, p62, by binding to LC3, is subsequently recruited to the damaged mitochondria and is essential for clearance via mitophagy. As we expected, the fluorescence intensity levels of SQSTM1/p62 punctae were also blunted (Fig. 2D) . These results corroborated that pORF5 plays a crucial role in mitophagy.
pORF5 plasmid protein protects mitochondrial function and inhibits apoptosis by up-regulation of HMGB1
Many pivotal studies have elucidated that HMGB1 is a critical regulator of autophagy and apoptosis (Tang et al. 2010a; Tang et al. 2010b; Tang et al. 2011; Livesey et al. 2012) . To explore whether pORF5 impacts HMGB1 expression, we evaluated the effects of pORF5 plasmid protein on the expression of HMGB1 protein in HeLa cells with western blot analysis. Finally, we found that pORF5-induced HMGB1 expression were both dose-dependent and time-dependent (Fig. 3A) . To further investigate the role of HMGB1 in the regulation of autophagy and apoptosis following pORF5 plasmid protein administration, a lentiviral shRNA to target against HMGB1 expression was transfected into HeLa cells. Western blot assay exhibited that the HMGB1-targeted shRNA had reduced the expression of HMGB1 (Fig. 3B) . We then investigated the effects of pORF5 on mitochondrial membrane potential after HMGB1 knockdown. The results showed that HMGB1 knockdown cells were exhibiting depolarised mitochondrial membrane potential, which was evident from a higher ratio of JC-1 monomers compared with scrambled shRNA transfected cells (Fig. 3C) . Attenuation of HMGB1 expression in HeLa cells also decreased Beclin-1 expression (Fig. 3D) . Consistently, inhibition of HMGB1 expression blocked pORF5-induced aggregation of LC3 punctae (Fig. 3E ) and increased SQSTM1/p62 punctae formation (Fig. 3F) . These results corroborate that HMGB1 plays a critical role in the regulation of autophagy with treatment of pORF5 plasmid protein.
To further confirm the effect of pORF5 on inhibiting apoptosis by means of up-regulation HMGB1, we subsequently analysed the release of cytochrome c from the mitochondria into the cytosol after targeting knockdown HMGB1. As expected, loss of HMGB1 expression increased cytochrome c release from mitochondria (Fig. 3G) .
The pro-apoptotic protein, Bax, acting as a member of the Bcl-2 family, is activated in response to a variety of apoptotic induction and translocated from the cytosol to mitochondria upon induction of apoptosis (Wolter et al. 1997) . However, activation of Bcl-2 inhibits caspase-independent apoptosis. Consistently, shRNA-mediated knockdown of HMGB1 expression enhanced Bax expression and reduced the level of Bcl-2 following pORF5 treatment (Fig. 3H) . These findings showed that knockdown of HMGB1 by shRNA sensitised cells to apoptosis, suggesting that pORF5 plasmid protein up-regulated HMGB1 expression to protect mitochondrial function and inhibit apoptosis.
DISCUSSION
Chlamydia trachomatis is an obligate intracellular bacterial pathogen that has a unique developmental cycle, and these characteristics have given rise to Chlamydial replication, which depends entirely on nutrients from the host cell. Chlamydia trachomatis may secrete effector molecules to interact with host cell signalling pathways, such as inflammation, cellular proliferation, homeostasis, autophagy and apoptosis, to survive and complete its replication. As the only plasmidencoded protein that is secreted and distributed in the cytosol of C. trachomatis-infected cells (Li et al. 2008a) , pORF5 might be relevant to chlamydial interactions with host cells. In the present study, we validated that Chlamydial plasmid-encoded protein, pORF5, also known as a major virulence factor for Chlamydia (Liu et al. 2014) , induces mitophagy and inhibits apoptosis via upregulated HMGB1 expression.
The central role of autophagy is to maintain intracellular homeostasis during the process of nutrient limitation and to prevent the accumulation of impaired or dysfunctional proteins and cell organelles by recycling nutrients from these cellular components (Levine and Kroemer 2008; Livesey et al. 2009 ). Mitophagy is an accurate mechanism for the repair or elimination of cells that carry dysfunctional mitochondrial networks. Meanwhile, mitochondrial integrity plays a key role in efficient cellular energy production and cell survival to confront surrounding stress, such as nutrient deprivation and agents (Chan 2006; Wallace, Fan and Procaccio 2010; Martinou and Youle 2011; Nunnari and Suomalainen 2012) . In this research, we have corroborated that accumulation of LC3 was surrounded with mitochondria after pORF5 treatment. More importantly, mitochondria also play an important role in the apoptotic pathway. Various apoptotic stimuli, such as chemotherapeutic agents or nutrient starvation, can activate pro-apoptotic Bax and Bak. The subsequent oligomerisation of Bax and Bak occurs on mitochondrial outer membranes and eventually leads to mitochondrial permeabilisation to facilitate cytochrome c release. Leaked cytochrome c then initiates apoptotic caspase activation, an executor of apoptosis, through a well-defined biochemical pathway (Jiang et al. 2014) . JC-1 staining as a measure of mitochondrial membrane potential has demonstrated that pORF5 attenuated mitochondrial depolarisation in HMGB1 wild-type cells and depolarised in HMGB1 knockdown cells. A growing body of literature corroborated that depolarisation of mitochondria is a trigger event to induce their disintegration into multiple smaller organelles by restraining those organelle's fusion (Legros et al. 2002; Meeusen, McCaffery and Nunnari 2004 ). In the current study, we confirmed that HMGB1 plays an important role in mitochondrial quality control. On the other hand, the opened Bax/Bak channel was inhibited by prosurvival Bcl-2 family members, such as Bcl-xL, Mcl-1 and Bcl-2 (Willis et al. 2007) . Consequently, overexpression of the antiapoptotic members, such as Bcl-2, strongly inhibits the induction of apoptosis. Our results show that HMGB1 is necessary for pORF5 to increase the level of Bcl-2 and block Bax expression.
HMGB1 is a secreted protein, also known as a nuclear DNA binding factor, which is vitally important for cell survival and death (Tang et al. 2010c) . Here, we show that pORF5 plasmid protein-induced HMGB1 expression, at the concentration of 4 μg/ml for 18 h, up-regulated HMGB1 and promoted and sustained autophagic flux to suppress mitochondrial dysfunction following pORF5 plasmid protein administration. Autophagy was also a key anti-cancer mechanism by means of mediating oncogene-induced senescence (Young et al. 2009 ). We also described that pORF5 promotes cell survival when confronted with nutrient deprivation. Conversely, inhibition of HMGB1 expression by means of HMGB1 shRNA inhibits autophagy and induces apoptosis. These results reveal that HMGB1 serves as a key mediator in pORF5 plasmid protein-induced mitophagy and inhibits apoptosis in HeLa cells.
Cumulative evidence indicates that Beclin 1 is regarded as a Bcl-2 homology 3 (BH3) domain-only protein, which seems to function as a key regulatory mechanism in autophagy. However, the pro-survival Bcl-2 family members, such as Bcl-2, Bcl-xL and Mcl-1, competitively bind to the BH3-binding groove, the same domain as the binding site for Beclin 1 (Decuypere, Parys and Bultynck 2012; Lindqvist et al. 2014) . Therefore, the dissociation of the interaction between the Bcl2 and Beclin 1 is an important molecular event during the process of activating autophagy and limiting apoptotic induction upon nutrientlimiting (Pattingre et al. 2005) . Consistent with this notion, we observed that pORF5 also induced Beclin-1 expression. Meanwhile, our findings indicate that pORF5 also increased the level of anti-apoptotic Bcl-2 protein. Conversely, knockdown of HMGB1 abolished the pORF5-induced expression of Beclin 1 and Bcl-2, suggesting that a potential role for pORF5 is the disruption of the association of Bcl-2 and Beclin-1 in participating and activating autophagy, and inhibiting apoptosis by up-regulation of HMGB1.
In summary, here, we demonstrate that pORF5 induced mitophagy and inhibited apoptosis by inducing HMGB1 expression. However, the specific downstream and upstream signalling pathways regulated by pORF5 to manipulate autophagy and apoptosis are still unknown. On account of the life cycle of C. trachomatis completely depending on nutrition from host cells, C. trachomatis may directly or indirectly connect with host cells signalling pathways to replicate and survive. Under these circumstances, we can apply proteomics to analyse which potential effector molecules are involved in autophagy and apoptosis. Our studies of pORF5-regulated mitophagy and apoptosis could provide fundamental insights for understanding the pathogenicity of C. trachomatis.
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